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Incubation of Turtle Eggs at Different Temperatures: Do Embryos
Compensate for Temperature during Development?
David T. Booth* and growth rates. Patterns of embryonic growth are reflected
by the pattern of embryonic oxygen consumption (Vg O2) be-Department of Zoology, University of Queensland, Brisbane,
Queensland 4072, Australia cause the embryonic Vg O2 at any point during development is
a function of the embryo’s size and the embryo’s growth rate
Accepted by C.P.M. 7/17/97 (Vleck et al. 1980; Hoyt 1987).
The thermal regime experienced by naturally incubating rep-
tile eggs can be highly variable. Besides daily variation in tem-
perature due to cyclic heating during daylight and cooling at
ABSTRACT
night, there can be trends of increasing temperature during
incubation in spring nesters or decreasing temperature in au-Freshwater turtle eggs are normally subjected to fluctuations
in incubation temperature during natural incubation. Because tumn nesters. In such cases, physiological acclimation of em-
bryos to the change in thermal environment might be expected,of this, developing embryos may make physiological adjust-
ments to growth and metabolism in response to incubation at as such changes are common in adult ectotherms, including
reptiles. To date, no studies involving reptile eggs have directlydifferent temperatures. I tested this hypothesis by incubating
eggs of the Brisbane river turtle Emydura signata under four studied this aspect of thermal biology.
In a study of developing snapping turtle (Chelydra ser-different temperature regimes, constant temperatures of 247C
and 317C throughout incubation, and two swapped-tempera- pentina) embryos, Birchard and Reiber (1995) have suggested
that reptile embryonic development should be divided intoture treatments where incubation temperature was changed
approximately halfway through incubation. Incubation at 317C two phases, an early phase and a late phase. During the early
phase (in snapping turtle eggs this coincides with the growthtook 42 d, and incubation at 247C took 78 d, with intermediate
incubation periods for the swapped-temperature treatments. of the chorioallantois; see Birchard and Reiber 1995), the em-
bryo is differentiating via the processes of blastulation, grastula-Hatchling mass, hatchling size, and total oxygen consumed
during development were similar for all incubation regimes. tion, and neuralation, and embryonic growth is slow (reflected
by a low absolute Vg O2 and slow rate of increase of Vg O2). OnceThe pattern of oxygen consumption during the last phase of
incubation as reflected by rate of increase of oxygen consump- the basic body plan has formed, the embryo enters the second
phase of incubation, which is characterized by rapid growthtion, peak oxygen consumption, and fall in oxygen consump-
tion before hatching was determined solely by the incubation (reflected by a rapid increase in Vg O2) until a few days before
hatching, when growth rate slows (reflected by a plateau ortemperature during the last phase of incubation; that is, incu-
bation temperature during the first phase of incubation had decrease in Vg O2). While discussing results from experiments
where turtle eggs were incubated at different constant tempera-no influence on these factors. Thus there is no evidence of
temperature compensation in growth or development during tures, Birchard and Reiber (1995) hypothesized that tempera-
ture has its principal effect on embryonic development andembryonic development of E. signata eggs.
growth in the early phase, and that there is little or no tempera-
ture compensation during this phase. Further, they hypothe-
sized that the embryo undergoes thermal acclimatization at the
Introduction
end of the first phase of incubation so that temperature has
only a minor effect on embryonic growth and metabolismIncubation temperature has numerous effects on the embry-
onic development of reptile eggs, including incubation time in during the later phase. Two predictions can be made from this
hypothesis. First, the pattern and peak level of Vg O2 should beall species and hatchling morphology and sexual differentiation
in many species. Temperature directly affects embryonic similar during the later stage of incubation at all incubation
temperatures. Second, in experiments where embryos aregrowth, with lower temperatures causing slower development
swapped from a low to high incubation temperature or from
a high to a low incubation temperature after the first stage of
*E-mail: dbooth@zoology.uq.edu.au. incubation, the pattern of Vg O2 during the second phase of
incubation should be different from that of embryos incubatedPhysiological Zoology 71(1):23 – 26. 1998. q 1998 by The University of
Chicago. All rights reserved. 0031-935X/98/7101-9737$03.00 constantly at the second temperature. In this study, I specifi-
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24 D. T. Booth
cally set out to test these predictions using embryos of an Results
Australian chelonian, the Brisbane river turtle, Emydura sig- At the beginning of the experiment, all eggs lacked opaque
nata. white spots, indicating that embryonic development was still
at a very early stage, but these spots appeared within 24 h in
fertile eggs. All six eggs in each of the 247-317C and 317-247C
incubation treatments were fertile, while five eggs in the 317-Material and Methods
317C treatment and three eggs in the 247-247C treatment were
I collected 24 eggs from a single nest of Emydura signata soon fertile.
after nest completion on November 18, 1996. After washing Initial mass of the eggs was similar for all incubation treat-
the eggs in water to remove adhering dirt, eggs were weighed ments (Table 1), and the results of ANOVA and ANCOVA
on an electronic balance, and a unique number was written were the same for all of the variables examined in Table 1. For
on each egg with a soft-lead pencil. Six eggs were then placed simplicity, only results of ANOVA are reported in Table 1.
on moist vermiculite (50% water by mass) in each of four One hatchling from the 317-317C treatment was noticeably
loosely sealed plastic containers. Two containers were placed smaller in linear dimensions and mass and consumed less oxy-
in a 247C constant-temperature incubator and the other two gen during incubation compared with other hatchlings in this
in a 317C constant-temperature incubator. On day 23 of incu- treatment (Table 1), so data from this hatchling were excluded
bation, one container of eggs maintained at 317C was trans- from the comparisons between incubation treatments and plots
ferred to 247C, and on day 39 of incubation, one container of of Vg O2 .
eggs maintained at 247C was transferred to 317C. This experi- All developing eggs absorbed water while incubating, but
mental design resulted in four treatment groups: 317-317C, final egg mass (the mass of eggs just prior to pipping), and
317-247C, 247-247C, and 247-317C. hence the amount of water taken up from the incubation me-
I measured embryonic Vg O2 every 2 or 3 d after day 15 of dium, were similar in all treatments (Table 1). Hatchling mass,
incubation in the 317-317C and 317-247C treatments and once carapace length, plastron length, plastron width, head width,
weekly until day 40 in the 247-247C and 247-317C treatments. and total amount of oxygen consumed during incubation were
After day 40, Vg O2 was measured every 2 or 3 d in these latter similar across treatments (Table 1). However, carapace width
two treatments. I used closed-system respirometry to measure varied significantly between treatments (Table 1), with a post
Vg O2 , placing eggs in 75-mL plastic jars maintained in the same hoc Student-Newman-Keuls test indicating that hatchlings
incubators in which the eggs were incubating. Eggs were from the 247-247C treatment had a significantly wider carapace
weighed immediately before each measurement so that the egg than hatchlings from the 317-247C and 317-317C treatments. I
volume could be estimated (assuming a density of 1.0 g/mL), do not place much confidence in this difference because of the
and this was used to calculate the volume of air available to small sample size (n  3) in the 247-247C treatment and be-
the embryo once the chambers were sealed. After periods that cause accurate measurements of the carapace of 1-d-old
varied between 25 and 150 min (longer periods for the earlier hatchlings was difficult, as the shells were still soft and flexible
stages of development), a 10-mL gas sample was taken via a and curved downward along the edges by differing amounts
syringe from the chamber, and its oxygen partial pressure was in different hatchlings.
determined with an oxygen electrode (Cameron Instruments, As expected, incubation temperature significantly affected
Port Aransas, Tex.) thermostated at 267C. Vg O2 was calculated incubation time, with the shortest incubation period occurring
using the elapsed time between sealing the chamber and the at the highest temperature and the two swapped incubation
end of the measurement period, chamber gas volume, and the regimes having intermediate incubation times (Table 1).
change in oxygen partial pressure of chamber gas between the The patterns of Vg O2 for the 317-317C and 247-317C incuba-
beginning and end of the measurement period. All reported tion treatments during the second phase of incubation were
Vg O2 values have been converted to STP conditions. similar but quite different from the patterns of the 247-247C
Around the time of hatching, containers were checked daily and 317-247C incubation treatments (Figs. 1, 2). In treatments
to determine day of hatch. After hatching, hatchlings were where incubation at 317C occurred last, there was a steep climb
brushed free of adhering vermiculite and weighed, and their in Vg O2 to a peak of 1,100 mL/h 7 d before hatch, and this was
Vg O2 was measured. Hatchlings were then stored in moist plastic followed by a sharp decline to 600 mL/h at hatching. In contrast,
containers for a further 12–24 h before being weighed again when incubation at 247C occurred last, Vg O2 rose slowly to a
and having carapace length and width, plastron length and peak of 650 mL/h, where it plateaued for 7–8 d before slowly
width, and head width measured with calipers. Hatchlings were declining over a 6–9-d period to 450 mL/h at hatching.
then released into the wild.
DiscussionANOVA and ANCOVA in which initial egg mass was the
covariate were used in analysis, and statistical significance was I first discuss the two predictions of Birchard and Reiber’s
(1995) temperature compensation hypothesis as outlined in theassumed at the P  0.05 level.
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Effect of Temperature on Incubation of Turtle Eggs 25
Table 1: Statistics for eggs and hatchling Emydura signata incubated under various temperature regimes
Incubation Treatment (7C)
317-247 247-317 317-317 317-317 Outliera 247-247 P
Sample size ............................ 6 6 4 1 3
Initial egg mass (g) ............... 7.394 7.883 7.549 7.535 7.651 .100
Final egg mass (g) ................ 8.641 9.535 9.757 9.020 8.505 .072
Hatchling mass (g) ............... 4.663 4.693 4.582 4.204 4.980 .299
Carapace length (mm) ......... 28.1 28.3 28.3 25.4 28.7 .710
Carapace width (mm) .......... 25.4 26.8 25.7 23.2 27.2 .019
Plastron length (mm) ........... 22.8 23.7 23.0 21.2 23.2 .054
Plastron width (mm) ........... 9.7 9.6 9.8 9.8 9.6 .981
Head width (mm) ................ 8.8 9.0 8.8 8.0 8.9 .263
Incubation period (d) .......... 56.7 61.8 41.8 42 78.0 .001
Total O2 (mL) ....................... 451 457 443 365 464 .599
Note. P values are for an ANOVA applied across temperature treatments (outlier excluded).
a This turtle was excluded from temperature treatment comparisons.
Introduction. The first of these predictions is that the pattern of (Vleck et al. 1980; Hoyt 1987). A greater rate of increase in
Vg O2 and greater peak Vg O2 at higher incubation temperatureVg O2 should be the same at all incubation temperatures. Clearly
this is not the case for Emydura signata embryos because the reflects both a greater energy demand for tissue maintenance
(because of Q10 effects of cellular metabolism) and a greaterhigher incubation temperature led to a shorter incubation pe-
riod, a more rapid increase in Vg O2 during the second phase of energy demand for biosynthesis, as absolute growth rate (i.e.,
the amount of new tissue produced per unit time) is greater.incubation, a greater peak Vg O2 , and a greater decline in Vg O2
before hatching (Fig. 1). These effects of incubation tempera- The steeper drop in Vg O2 prior to hatching at higher incubation
temperature reflects a relatively greater drop in energy demandture on the pattern of Vg O2 have been observed before in reptile
embryos (Whitehead and Seymour 1990; Booth and Thompson from the biosynthesis component as embryonic growth slows.
Snapping turtle embryos appear to be an exception to this1991; Leshem et al. 1991). Such effects can be explained by a
simple model that divides the rate of energy expenditure (which generalization because their rate of increase in Vg O2 , the peak
Vg O2 , and embryonic growth rate during the second phase ofcan be directly related to Vg O2 because embryonic metabolism
is aerobic) into two compartments, energy used for tissue
maintenance and energy used for biosynthesis of new tissue
Figure 2. Vg O2 throughout incubation of Emydura signata eggs
subjected to four incubation treatment regimes plotted on a days
before hatch time scale. Note the similarity of the 317-317C andFigure 1. Vg O2 throughout incubation of Emydura signata eggs
subjected to four incubation treatment regimes. Diamonds, 317- 247-317C treatment and the 247-247C and 317-247C treatment dur-
ing the second phase of incubation. Diamonds, 317-317C; inverted317C; inverted triangles, 317-247C; circles, 247-247C; hexagons, 247-
317C. triangles, 317-247C; circles, 247-247C; hexagons, 247-317C.
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26 D. T. Booth
incubation are independent of incubation temperature (Birch- oxygen during incubation compared with embryos incubated
at lower temperature (Whitehead and Seymour 1990).ard and Reiber 1995). Such a finding implies that perfect meta-
bolic and physiological temperature acclimatization occurs in One of the embryos in the 317-317C treatment hatched with
a smaller mass and dimensions and consumed a smallerboth the maintenance and biosynthesis components of energy
expenditure in this species during the second phase of incuba- amount of oxygen during incubation compared with other
hatchlings from the same treatment, despite having a similartion.
The second prediction of Birchard and Reiber’s (1995) tem- initial egg mass (Table 1). In this case it appears that less yolk
was converted to embryonic tissue during development, andperature compensation hypothesis is that the pattern of Vg O2
of embryos during the second phase of temperature-swap ex- some yolk was left behind in the shell at hatching. Presumably
such an event occurred because of a developmental mistake,periments should be different from the pattern found in em-
bryos incubated at the same temperature for both the first and as it is difficult to imagine a scenario where producing a smaller
hatchling by leaving behind energy-rich yolk in the discardedsecond phases of incubation. The logic for this prediction is
that those embryos swapped to a different temperature for the eggshell would be advantageous.
second phase of incubation should be inappropriately acclima-
tized to the new temperature and should have, at least initially,
Acknowledgments
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